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Abstract: The Mg-5%Hg-22%Ga(mole fraction) alloy was melted. Aging at 573−673 K for different times was carried out to ensure 
the fine dispersion of the Mg5Ga2 compound. Scanning electron microscopy (SEM), X-ray diffractometry(XRD) and energy 
spectrum analysis(ESA) were employed to characterize the microstructures and phases of the Mg-5%Hg-22%Ga alloy. The 
electrochemical and corrosion behaviors of the above alloy were studied by potentiodynamic, galvanostatic and electrochemical 
impedance spectroscopy (EIS) measurements. The relationship between the Mg5Ga2 compound and the electrochemical properties of 
the Mg-5%Hg-22%Ga alloy was discussed. The results demonstrate that the heat treatment at 573−673 K for 24 h accelerates the 
growth of the intergranular eutectic Mg-Mg5Ga2 and the heat treatment for 200 h prompts the transition of eutectic to dispersed linear 
Mg phase and Mg5Ga2 matrix. This transition enhances the electrochemical activity and corrosion resistance of the 
Mg-5%Hg-22%Ga alloy. In the galvanostatic tests with current density of 100 mA/cm2 , the most negative potential, −1.991 V, 
occurs in the sample aged for 200 h. The largest corrosion current density of 44.36 mA/cm2 occurs in the sample aged for 24 h. 
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1 Introduction 
 
Magnesium alloys are widely used in high energy 
density batteries and sacrificial anodes due to many 
advantages, such as rapid activation, low specific mass, 
low electrode potential and high current capacity[1−5]. 
Since 1960s, magnesium alloy batteries have been the 
subject of comprehensive interest and have been 
developed for some military and commercial 
applications, such as torpedo, electromotive and 
unmanned underwater vehicle power source. 
The developed magnesium anode materials with 
high cell voltage are AP65 (Mg-6%Al-5%Pb)[6−7], 
Mg-7%Tl-5%Al[1] and Mg-Hg alloys[8]. The specific 
energy of the seawater battery using the Mg-Hg alloys as 
anodes can reach 150 W·h/kg[9−10], compared with 30 
W·h/kg of the lead acid battery. The open potential of the 
Mg-Hg alloys in a 3.5% (mass fraction) NaCl solution is 
−2.0 V(vs SCE) [8], compared with −1.8 V(vs SCE) of 
the Mg-6%Al-5%Pb alloy[6]. However, the good results 
of the Mg anodes obtained in high power seawater 
battery still meet with problems such as bad 
deformability, large self-corrosion velocity and low 
current efficiency[11−12]. Especially the Cl− ions in 
seawater produce acid environment for the Mg anodes 
and increases their corrosion rates[13−16]. In order to 
solve these problems, some alloying elements with high 
over-potential of hydrogen revolution and large 
electrochemical activity, such as Al, Zn, Pb and Hg, were 
added into the magnesium anodes in recent 
years[17−20]. 
The corrosion and electrochemical properties of the 
Mg-Al alloys were studied a lot[14, 21−22]. The 
corrosion behaviour of the Mg-Al alloys was influenced 
greatly by the concentration of the Fe impurity element. 
If the content of Al in the intra-crystalline is lower than 
that at grain boundaries, the corrosion occurs in the 
intra-crystallines but not at the grain boundaries. If a lot 
of MgAl, Mg2Al3 and Mg4Al3 compounds exist at the 
grain boundaries, inter-granular attacks occur and inspire 
the self-corrosion of magnesium. More important, the 
Mg-Al anodes have no enough electrochemical activity 
to produce huge battery power. When the Mg seawater 
battery was used, the AZ alloys were chosen as the 
anodes. Refs.[14, 23−25] reported the corrosion and 
electrochemical behaviors of the AZ alloys. 
Intra-granular corrosion was the most predominant 
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corrosion mechanism of the AZ31B alloy in 3.5% NaCl 
solution. The existence of twins and increase of grain 
size accelerated the corrosion of the AZ31B alloy. A 
model of the atmospheric corrosion process of the 
AZ91D alloy was presented, where microgalvanic 
elements were formed with the α-phase as anode and 
where the eutectic α/β-constituent in the vicinity of the 
α-phase is the site of the cathodic reactions. The same 
corrosion process with a higher corrosion rate occurred 
in the AM50 alloy, with lower aluminium content both at 
the grains and in the grain boundaries compared with the 
AZ91D alloy[25]. The actual specific energy of the 
Mg-Mn battery is 54 W·h/kg[26]. According to Ref.[27], 
the addition of Ce or La produced cathodic intermetallic 
compounds with RE addition and improved the corrosion 
resistance of the AM60 alloy. The addition of Zn in the 
Mg-Mn alloys refined the grain size and improved the 
corrosion resistance[28]. SONG[29] explained the 
negative difference effect (NDE) of the Mg alloys, 
showing that. Decreasing NDE of the Mg anodes can 
produce large current efficiency. LIU et al[30] built a 
mathematic model to explain the negative difference 
effect of the Mg alloys using Tafel dynamic formula. SHI 
and SCHLESINGER[31] measured the corrosion rates of 
the AZ91, Mg-10Gd-3Y-0.4Zr, Mg-Cu, Mg-Mo, ZE41 
and Mg-6Zn-Mn-(0.5-2)Si-(0-0.2)Ca alloys using Tafel 
extrapolation. But the hydrogen evolution rate, mass loss 
rate and rate of Mg2+ leaving the metal surface were 
recommended to evaluate the corrosion rate of the Mg 
anodes. 
According to Ref.[8, 15, 32−37], Ga and Hg can 
greatly activate the magnesium anodes due to the 
dissolution-redeposition mechanism and Ga can also 
enhance the corrosion resistance of the amalgams[38]. 
Mg5Ga2[39] and Mg21Ga5Hg3[40−41] intermetallic 
compounds exist in the Mg-Hg-Ga anodes and their 
morphologies and distributions influence the 
electrochemical and corrosion properties of the 
Mg-Hg-Ga anodes. This study will focus on the 
morphologies of the compounds Mg5Ga2 under different 
heat treatments and the influence of the intermetallics 
Mg5Ga2 on the associated electrochemical performance 
in the Mg-5%Hg-22%Ga alloy. 
 
2 Experimental 
 
The Mg-5%Hg-22%Ga alloy was prepared using 
Mg, Hg and Ga with purity of 99.99%(mass fraction) to 
avoid contamination by other elements. The alloy, with 
the chemical composition listed in Table 1 was melted in 
a sealed iron tube as described in a previous paper[8]. 
After heat treatment at 573−773 K for 1 h 200 h, the 
samples were taken out of the iron tube. 
Table 1 Chemical composition of Mg-5%Hg-22%Ga alloy 
(mole fraction, %) 
Hg Ga Fe Ca Ni Cu Mg
4.808 22.003 0.075 0.029 0.034 0.010 Bal.
 
The DC electrochemical methods such as 
potentiodynamic and galvanostatic experiments were 
employed to study the electrochemical corrosion 
properties of the samples, performed with a Model 263A 
potentiostat-galvanostat. The scanning velocity is 5 mV/s 
and the range of the electric voltage is −2.5— −1.0 V. 
The AC electrochemical methods were also used to 
characterize the kinetics of the electrode processes. The 
EIS (Electrochemical Impedance Spectroscopy) 
measurements were performed using a Model 263A 
potentiostat-galvanostat and a 1255 solartron frequency 
response analyzer. The impedance measurements were 
made over a frequency range of 0.005 Hz − 100 kHz (15 
point per decade) with a 10 mV AC signal and 
interpreted in terms of equivalent circuit (EC) with 
frequency dependent components[40]. The specimens 
were polished with emery paper and buffed to a mirror 
finish. Each of them was sealed with epoxy resin except 
for an exposed surface of 10 mm×10 mm was submitted 
to the electrochemical tests in a 3.5 mol/L NaCl solution 
in a three-electrode cell. A platinum sheet was used as 
the auxiliary electrode. A saturated calomel electrode 
(SCE) was used as the reference electrode. 
The microstructures as well as the corroded surface 
morphologies of the samples were determined by 
scanning electron microscopy analysis using a 
JSM−5600Lv SEM. The phases of the samples were 
determined by X-ray diffractometry and energy spectrum 
analysis. 
 
3 Results and discussion 
 
3.1 Influence of aging time on microstructure of 
Mg-5%Hg-22%Ga alloy 
Fig.1 shows the SEM micrographs of the samples 
with different aging times. From the XRD and ESA 
results seen in Figs.2 and 3, it can be seen that Mg5Ga2 
(white) matrix and intergranular α-Mg (black) phase 
occur in the sample aged for 1 h. When the aging time 
increases to 24 h the microstructure transforms to the 
Mg5Ga2 matrix and the eutectic structure 
(α-Mg+Mg5Ga2). This eutectic plus some single α-Mg 
phase distribute discontinuously at the grain boundaries. 
Prolonging the aging time from 1 h to 24 h also leads to 
larger grain size. When the aging time is prolonged to 
200 h, eutectic disappears and linear α-Mg disperses 
homogeneously in the Mg5Ga2 matrix. 
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Fig.1 Morphologies of samples with different aging times:   
(a) 1 h; (b) 24 h; (c) 200 h 
 
 
Fig.2 XRD spectra of Mg-5%Hg-22%Ga alloy after aging for 
different times: (a) 1 h; (b) 24 h; (c) 200 h 
 
3.2 Influence of Mg5Ga2 on electrochemical corrosion 
properties of Mg-5%Hg-22%Ga alloy 
3.2.1 Potentiodynamic measurements 
To obtain information about the influence of the 
Mg5Ga2 compound on the electrochemical corrosion 
behavior of the Mg-5%Hg-22%Ga alloy, polarization 
curves were measured in a 3.5 % NaCl solution (Fig.4). 
During the potentiodynamic scanning a steady state 
current was attained for each applied potential step. 
Starting from the rest potential, the anode polarization 
curves show a remarkable increase in the anodic current 
density. The black corrosion production flakes off 
continuously in the process of polarization. The whole 
reaction is controlled by the activation polarization and 
no passive behavior can be seen from the polarization 
curves, which is consistent with the activation process by 
the formation of an amalgam[13, 37]. 
The corrosion current densities and corrosion 
potential for Mg-Hg-Ga alloy, calculated by Tafel linear 
extrapolation, are listed in Table 2. The corrosion current 
density of the alloy increases from 15.57 mA/cm2 to 
44.36 mA/cm2 when the aging time increases from 1 h to 
24 h, and then decreases to 1.08 mA/cm2 when the aging 
time increases to 200 h. The corrosion potentials of the 
samples aged for different times are all about 2.0 V. 
 
Table 2 Electrochemical corrosion parameters of 
Mg-5%Hg-22%Ga alloys after being aged for different times 
Sample No. Aging time/h Jcorr/(mA·cm−2) φcorr/V φmean/V
1 1 15.57 2.008 1.660
2 
3 
24 
200 
44.36 
1.08 
2.009
2.087
1.558
1.991
 
The corrosion resistance of the Mg-5%Hg-22%Ga 
alloy depends on the amount and distribution of the 
α-Mg phase in the Mg5Ga2 matrix. Fig.5 shows the 
corroded surface morphology of the Mg-5%Hg-22%Ga 
alloy aged for 1 h after galvanostatic test for 10 s and 1 
000 s. It can be seen from Fig.5(a) that corrosion occurs 
at the interface of the anodic α-Mg and cathodic Mg5Ga2 
because of the difference of their electronegativity. When 
the testing time is prolonged to 1 000 s (Fig.5(b)), the 
surface is covered by a layer of loose and porous 
corrosion products. General corrosion occurs. 
The sample aged for 24 h has eutectic 
(α-Mg+Mg5Ga2) at the grain boundary, leading to 
intergranular corrosion. The high energy and large 
cathode-anode aero ratio at the grain boundaries lead to 
large driving force of the galvanic couple corrosion. 
Meanwhile, the short distance between the cathode and 
the anode in the eutectic promotes the corrosion again 
and leads to the largest corrosion current density of 44.36 
mA/cm2 in the sample after being aged for 24 h. The 
sample aged for 1 h has α-Mg but not eutectic at the 
grain boundaries. The corrosion current density of 15.57 
mA/cm2 is smaller than that in the sample aged for 24 h. 
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Fig.3 Energy spectrum analysis of Mg-5%Hg-22%Ga alloy after aging for 200 h (a, a′) α-Mg and (b, b′) Mg5Ga2 
 
 
Fig.4 Potentiodynamic curves of Mg-5%Hg-22%Ga alloy aged 
for 1 h, 24 h and 200 h 
 
In the sample aged for 200 h linear α-Mg disperses 
homogeneously in the Mg5Ga2 matrix, leading to 
homogeneous corrosion as well as the smallest corrosion 
current density of 1.08 mA/cm2. 
3.2.2 Galvanostatic measurements 
Fig.6 shows the galvanostatic curves of the 
Mg-5%Hg-22%Ga alloy with different aging times at  
 
Fig.5 Corroded surface morphologies of Mg-5%Hg-22%Ga 
alloy aged for 1 h after galvanostatic test for 10 s (a) and      
1 000 s (b) 
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Fig.6 Galvanostatic curves of Mg-5%Hg-22%Ga alloy aged for 
different times 
 
current density of 100 mA/cm2. It can be seen that the 
galvanostatic curves are smooth. Table 2 lists the stable 
potentials calculated from the curves. The sample aged 
for 24 h has the most positive stable potential of 1.558 V, 
while the sample aged for 200 h has the most negative 
stable potential of 1.991 V. This demonstrates that a 
negative work potential and little polarization exist in the 
sample aged for 200 h at some work current. This means 
that the sample aged for 200 h has the best 
electrochemical activity as anode materials. 
According to the different electronegativity of the 
second phase and the matrix, the activation dissolution of 
the Mg-5%Hg-22%Ga alloy occurs at the interface of the 
α-Mg phase and the Mg5Ga2 phase[40]. The standard 
electrode potentials of Mg and Ga are −2.37 V and −0.56 
V, respectively. The standard electrode potentials of the 
compound Mg5Ga2 formed by Mg and Ga atoms are 
more positive than that of α-Mg. The difference of the 
standard electrode potentials between α-Mg and Mg5Ga2 
produces the corrosion galvanic cell and the dissolution 
of α-Mg in the cell. The electrochemical activity of the 
Mg-5%Hg-22%Ga alloy is related to on the amount and 
distribution of the α-Mg phase. 
The homogeneous linear α-Mg in the sample aged 
for 200 h, leading to homogeneous generalized 
dissolution as well as enhanced electrochemical activity. 
So the sample aged for 200 h has the most negative 
stable potential of 1.991 V. In the samples aged for 1 h 
and 24 h, the intergranular distribution of α-Mg leads to 
non-uniform intergranular dissolution (Fig.5(a)). This 
dissolution destroys the binding force of the crystal grain 
and increases the activation polarization, both of which 
decrease the electrochemical activity. The eutectic 
(α-Mg+Mg5Ga2) in the sample aged for 24 h accelerates 
the non-uniform intergranular dissolution and leads to 
the worst electrochemical activity and the most positive 
stable potential of 1.558 V. 
3.2.3 EIS measurements 
The electrochemical impedance spectra for 
Mg-5%Hg-22%Ga alloy at φ in a 3.5 % NaCl solution 
are shown in Figs.7 and 8. There are two constant times 
in the bode diagram of the Mg-5%Hg-22%Ga alloy with 
different aging times (Fig.8). The Nyquist plots are 
characterized by one capacitive loop at high frequency 
and one capacitive loop at low frequency. 
 
 
Fig.7 Nyquist diagrams of Mg-5%Hg-22%Ga alloy after aging 
for different times at φcorr in 3.5%NaCl solution for 1 h (a), 24 h 
(b) and 200 h (c) 
 
On the basis of the reaction models discussed in 
Ref.[36] and the EIS results in Figs.7 and 8, EC could be 
attained (Fig.9): R0 is the electrolyte resistance, Cox is the 
capacitance of the corrosion products film and film 
resistance Rox (Mg(OH)2 film resistance), Cdlt and Rct 
Yan FENG, et al/Progress in Natural Science: Materials International 21(2011) 73−79  78 
refer to the capacitance of the double layer and the 
charge transfer resistance in the Faradaic reaction. A 
method of parameter adjustment based on the equivalent 
circuit in Fig.9 was applied and the results are listed in 
Table 3. 
 
 
Fig.8 Bode diagrams of Mg-5%Hg-22%Ga alloy after aging for 
different times at φcorr in 3.5%NaCl solution for 1 h (a), 24 h (b) 
and 200 h (c) 
 
 
Fig.9 Equivalent circuits of Mg-5%Hg-22%Ga alloy on 3.5 % 
NaCl interfaces 
Table 3 Electrochemical parameters obtained by fitting Nyquist 
diagrams of Mg-5%Hg-22%Ga alloy 
Aging 
time/h
Ro/ 
(Ω·cm−2)
Cdlt/ 
(F·cm−2)
Rct/ 
(Ω·cm−2) 
Cox/ 
(F·cm−2)
Rox/ 
(Ω·cm−2)
1 
24 
200 
1.549 
2.098 
1.632 
6.45×10−4
1.32×10−3
1.05×10−4
4.562 
6.348 
1.451 
0.010 
0.012 
0.007 
5.374 
7.215 
1.142 
 
It can be seen that the sample aged for 200 h has the 
smallest Rct and Cdlt values, which correspond to the 
smallest charge transfer resistance in the Faradaic 
reaction. Meanwhile, the smallest Rox and Cox in this 
alloy demonstrate that the corrosion products can strip 
from the surface in the electrochemical reaction. This 
leads to small activation polarization as well as the best 
electrochemical activity in the sample aged for 200 h. On 
the reverse side, the largest Rct and Cdlt values occur in 
the sample aged for 24 h, which correspond to the largest 
charge transfer resistance in the Faradaic reaction. 
Meanwhile, the largest Rox and Cox values demonstrate 
that lots of corrosion products can not strip from the 
surface during the electrochemical reaction. The 
corrosion products on the surface impede the delivery of 
the reactant and product in the electrode reaction. This 
leads to the large activation polarization as well as the 
worst electrochemical activity in the sample aged for 24 
h. The EIS results correspond with the galvanostatic 
results. 
 
4 Conclusions 
 
1) A sufficient annealing time during heat treatment 
has a positive influence on the microstructure of the 
Mg-5%Hg-22%Ga alloy. When the aging time increases 
from 1 h to 24 h, the intergranular α-Mg transforms into 
intergranular eutectic (α-Mg+Mg5Ga2) in the Mg5Ga2 
matrix. When the aging time increases to 200 h, the 
intergranular eutectic disappears and only linear α-Mg 
disperses homogeneously in the Mg5Ga2 matrix. 
2) The amount and distribution of the α-Mg in the 
Mg5Ga2 matrix are related to the electrochemical 
corrosion properties of the Mg-5%Hg-22%Ga alloy. The 
intergranular eutectic (α-Mg+Mg5Ga2) in the sample 
aged for 24 h leads to large corrosion driving force and 
produces the largest corrosion current density of 44.36 
mA/cm2. 
3) The homogeneous dispersion of linear α-Mg in 
the Mg5Ga2 matrix in the sample aged for 200 h 
decreases the charge transfer resistance in the Faradaic 
reaction and the activation polarization of self-corrosion 
and increases the electrochemical activity. In the 
galvanostatic measurement with 100 mA/cm2 current 
density, the most negative potential of −1.991 V occurs 
in the sample aged for 200 h. 
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